Tuned mass dampers (TMDs) are applied to ensure the safety and stability of offshore platforms; however, linear dampers are effective for a single resonance frequency, providing vibration suppression only within a narrow frequency band. erefore, this paper proposed a magnetic TMD with two pairs of permanent magnets on both sides of the structures, which can generate a nonlinearly repulsive force, making the magnetic TMD reliable and robust in damping the oscillations of structures with wide frequency range under seismic excitations. A comprehensively numerical and experimental study was processed to investigate the dynamic performances of the proposed magnetic TMD, by application of a 1 : 200-scale prototype of the offshore platform. e results verified that the performance of the magnetic TMD can be significantly improved than that of the linear TMD, meanwhile maintaining high-speed response characteristics. e experimental results indicated that the displacement, acceleration, and frequency responses of the offshore platform can be significantly reduced; furthermore, the evaluation indices showed that the magnetic TMD system is credible in reducing the overall vibration levels and maximum peak values.
Introduction
An offshore platform located in ocean environments is unavoidably affected by external disturbance, such as winds, water waves, and earthquakes. e large vibration amplitude can damage the structures or the secondary components and cause discomfort to its human occupants [1] . Extensive research had been conducted to mitigate this harmful vibration, for example, structure design [2] , vibration isolation systems, and auxiliary damping systems [3] . Among these methods, the tuned mass damper (TMD) has been proved to be a simple and effective vibration suppression device. Although a linear TMD is effective in attenuating vibration at a specific excitation frequency, perhaps the most significant limitation is its narrow effective bandwidth in the frequency domain. When the natural frequency of the primary structure shifts due to structural degradation or other reasons, a linear TMD can act instead as a vibration amplifier, increasing the response amplitude of the primary structure.
is problem has received considerable attention from researchers in the past.
In an attempt to overcome this limitation, initially, such a drawback can be overcome through use of multiple tuned mass dampers, of which each TMD is tuned to a specific frequency of the main system [4] [5] [6] . e wideband multiple TMD system has been developed for reducing the multiple resonant responses of the main structure. However, because the TMD mass has to be divided into many smaller ones, practical applications of multiple TMD approach still have some limitations, and the other problem is too big to introduce here. Some other efforts construct multi-DOF single mass TMD [7, 8] .
In the last decades, to overcome the drawbacks of passive TMDs due to detuning, the researchers investigated an undamped nonlinear dynamic vibration absorber system. Kwag et al. [9] proposed and developed the concept of an eddy current shock absorber using permanent magnets; moreover, the absorber was constructed, and the experiments were performed to investigate its dynamic characteristics. Cai et al. [10] studied on a conceptual exploration of the magnetorheological TMD system for cable vibration mitigation through an experimental approach.
e developed damper can absorb the cable vibration energy through both the TMD component and the magnetorheological component. Afterwards, Ayala-Garcia et al. [11] presented a new magnetic tuning mechanism which can be operated by modifying the effective spring constant of the system in the mechanical domain. Eason et al. [12] used a standard tuning approach for the nonlinear TMD and comparing its performance with an optimal passive linear TMD. Viet and Nghi [13] explained the nonlinearity of the pendulum to increase the number of DOF of the TMD, and it had better performance at large vibration and was less sensitive than the linear TMD. Gourdon et al. [14] experimentally confirmed that nonlinear TMD can irreversibly extract some of the energy from the structure to which they are attached. Additional studies [15] [16] [17] [18] had demonstrated that a nonlinear TMD requires a much smaller mass than a linear TMD to achieve identical reduction effects and is capable of attenuating the transient oscillations of a main structure more effectively, and the nonlinearity can be added by the cubic spring or by the impact.
On the other hand, for more than two decades, the application of magnetic eddy currents for damping purposes has been investigated. Sodano et al. [19] have analyzed the suppression of cantilever beam vibrations, where a permanent magnet is fixed so that it is perpendicular to the beam motion, and a conducting sheet is attached to the beam tip.
en, a theoretical model of an eddy current damper was modified and further developed by applying an image method to satisfy the boundary condition of the zero eddy current density at the conducting plate boundaries [20] . Kwak et al. [21] developed a damping concept to suppress the vibration of a cantilever beam using eddy currents. is system consists of a copper plate mounted to the free end of the beam and a flexible linkage with two magnets. Later, Bae et al. [22] developed a mathematical model of this system and simulated the response using a numerical solution. Both the model and experiments showed the effectiveness of this damping mechanism. Zhang and Ou [23] performed theoretical and experimental studies on the active vibration control of two-story shear building using an electromagnetic mass damper. Kim et al. [24] investigated active vibration control of the vehicle suspension system using an electromagnetic damper. Palomera-Arias et al. [25] utilized an electromagnetic device as a passive damper and studied the modeling of electromagnetic damping coefficient and the feasibility of using it for building vibration control. Wu et al. [26, 27] proposed the passive damper of an offshore platform against stroke energy and response delay problems under seismic waves. Both simulation and experimentation studies were proposed to verify the effectiveness and advantages of the proposed methods.
However, though application of the magnetic spring effect in vibration suppression has been reported, to the best of the authors' knowledge, application of a TMD damper with a magnetic spring effect has not been examined in the previous publications, especially for vibration suppression of offshore platform under earthquake loads. erefore, this paper tried to present a new magnetic tuning mechanism which can operate by modifying the effective spring constant of the system in the mechanical domain, and a pair of permanent magnets is applied to create a repulsive force that is proportional to the velocity of the conductor, and the moving magnet and conductor behave as a variable-stiffness spring. In this way, the nonlinear magnetic force can be utilized for a number of different applications.
In this study, the effectiveness of the nonlinear TMD for vibration control of a seismically excited offshore platform structure is evaluated, and an experimental model of the offshore platform with the nonlinear TMD is developed. e nonlinear TMD device has a single-mass block with two pairs of permanent magnets, and the repulsive force between the permanent magnets is produced by a variable-stiffness spring, providing the damper with a wide operational frequency range.
e magnet damper is a noncontact type passive damper, it transfers energy from the main structure by the relative motion, and the control structure interaction is just the offset forces between the substructure and main structure; it has the effectiveness to vibration reduction. Moreover, this paper involves experimental and analytical investigations that comprehensively extend the understanding of the wide frequency range performance and damping characteristics of a magnetic nonlinear TMD system under three strong seismic vibrations.
Methods and Materials

Modeling.
To analyze the effectiveness of the TMD, an actual jackup offshore platform, Bohai no. 5 located in the Southern Sea, was considered as the research target. As shown in the left panel of Figure 1 , the jackup offshore platform comprises a rectangular platform resting on four independent operating legs, with a TMD attached beneath the platform.
e size of the working platform is 57.5 × 34.0 × 5.50 m, the length and diameter of the operating legs are 78 and 3 m, respectively, and the limit of the operating water depth is 40 m. As shown in the right panel of Figure 1 , an experimental model was constructed based on a 1 : 200-scale model of an actual four-column jackup offshore platform.
Nonlinear Magnetic Elastic Coefficient Measurement.
A prototype experiment model was built in the laboratory as shown in Figure 2(a) . e TMD device consists of a frame, a mass, two springs, four wheels, two tracks, and two pairs of permanent magnets, as shown in Figure 2 (b). x d is the gap between the pair of permanent magnets as shown in Figure 2 (b). When the TMD is working, the permanent magnets generate a time-varying magnetic force which is inversely proportional to the gap x d . e variable magnetic forces act like a variable-stiffness spring.
us, when the offshore platform's natural frequency changes, the magnet TMD can dampen the vibration by slightly adjusting the natural frequency of the magnet TMD system and match it with the targeted resonant excitation frequency. Here, the material of the TMD's mass block is steel, and it will have a bad influence with the magnetic field. For avoiding this effect, the TMD was well tinned. 
Magnet damper
Offshore platform Before carrying out the vibration experiment, the basic characteristics of the magnetic force were obtained. Figure 3 shows the calculation diagram of the permanent magnet repulsive force. About geometry of the two permanent magnets as shown in Figure 3(a) , l, w, and h are the length, width, and height of the magnet, respectively. d is distance of the two permanent magnets. F m is the repulsive force. e repulsive force of the two permanent magnets can be expressed as follows [28] :
where B is the flux density and u 0 is the permeability of space. e flux density of the permanent magnets can be expressed as
where B r is the magnetic property of permanent magnets. Equation (1) can be substituted into (2) to calculate the repulsive force of the two permanent magnets as
As shown in Figure 3 (b), the resultant repulsive force F r of the magnetic field is concerned at both ends of the mass block of the tuned mass damper, which can be expressed as
In this experiment, the material parameters of magnet are shown in Table 1 .
As shown in Figure 4 , the measurement setup was prepared in order to verify the correctness of the mathematical model. It consisted of a force measuring device, a fixed fixture, and a ruler. e force measuring device was attached to the table, and then the outer frame of the magnet TMD was pulled to the left by an external force. e displacement of the magnet TMD was measured with the ruler, and the force measuring device displayed the repulsive force of the magnet TMD.
e displacement-repulsive force is shown in Figure 5 . When the displacement was 0, since the mass is in the central position, the repulsive force was also 0; however, as the displacement increased, the relation between the repulsive force and the displacement became nonlinear. When the displacement reached 15 mm or more, the repulsive force increased sharply, so it can be known the nonlinear characteristic of TMD. is study used a TMD with a permanent magnet to utilize the advantages of a variable repulsive force. At the initial seconds of vibration excitation, the TMD can respond quickly by activating the small repulsive force; during intense vibration, the sharply increasing repulsive force can protect the mass block against the stroke energy. Otherwise, the mathematical result is to be identical to the experimental response, which suggests that the mathematical model of the permanent magnet can yield estimates of the tuned mass damper system.
Mathematical Modeling.
A systemic model of a jackup offshore platform with a magnet TMD can be considered as a generalized structure, consisting of a main structure of the offshore platform and substructure of the magnet TMD. e general structure (m 1 + m 2 ) includes the main structure of the offshore platform (m 1 ) and the substructure of the TMD (m 2 ), as shown in Figure 6 that is a simplified diagram of Figure 2 (a).
e dynamic model can be expressed as
where m 1 , c 1 , and k 1 are the mass, damping coefficient, and stiffness coefficient of the main structure, respectively; m 2 is the mass of the substructure; and € x V is the acceleration vector of the seismic loads. x 1 and x 2 are the displacements of main structure and substructure, respectively. F r is the repulsive force of the permanent magnets, as shown in (4) .
As shown in Figure 7 , numerical simulation and experimental investigations can constrain the displacements of the offshore platform with the magnet TMD, when it is subjected to seismic shaking represented as sinusoidal excitation.
e frequency response comparison results between experiment and simulation is shown in Figure 8 . e simulation response is observed to be identical to the experimental response over the entire time period, which suggests that the analytical method can yield estimates of the damper system response under sinusoidal signal excitations and sweep waves with good accuracy.
Before the experiment, to demonstrate the effectiveness of the proposed TMD, the results are presented on the numerical studies in this section as shown in Figure 9 . ree kinds of seismic waves were excited on the offshore platform model; it can be seen the proposed magnet TMD can effectively reduce the seismic damage of the system. For Shock and Vibration 5 instance, the maximum peak value can be reduced about 30%; the vibration during the entire earthquake period can be reduced about 18% by the magnet TMD. In order to verify the performance of the magnet TMD, the vibration experiment was performed for uncontrolled and controlled TMD system. 6 Shock and Vibration
Evaluation Index.
e root mean square (RMS) of the displacement or acceleration response can be expressed as
where y i is the sampling value of the displacement or acceleration response.
To evaluate effectiveness of the vibration reduction during the entire earthquake period, an evaluation index was proposed as follows:
where RMS ctrl and RMS unctrl are the RMS values of the displacement or acceleration responses of the main structure during the entire earthquake period, for the cases with and without the TMD system, respectively. To evaluate the maximum response reduction, a maximum peak value was selected as y max � max y i .
en, a relative ratio of the maximum peak values can be obtained as 
where y max−ctrl and y max−unctrl are the maximum peak values of the displacement or acceleration response of the main structure, with and without the TMD system, respectively.
Experiment
3.1. Setup. As shown in Figure 10 , the testing system comprised a personal computer, vibration signal generator, amplifier, shaker, offshore platform system, and fast Fourier transform analyzer. In the experiment, the sand height was 80 mm and the water depth was 400 mm. e mass of the offshore platform of the main structure (m 1 ) was 2.346 kg, and the mass of the TMD (m 2 ) was 0.591 kg. e damping coefficient was determined experimentally as 0.012. e offshore platform was placed in a water tank that was fixed to the shaker, which simulated the seismic motion.
ree types of earthquake-induced seismic waves (EICentro NS, Taft EW, and Fukushima NS) were generated by the signal generator and fed to the shaker to evaluate the effectiveness of the vibration control system. e El-Centro NS was the NS component recorded at the Imperial Valley Irrigation District substation in El-Centro, California, USA on May 18, 1940. e earthquake had a magnitude of 6.9, and the peak acceleration was 341 cm/s 2 . e Taft EW was the EW component recorded at Kern County, California, USA on July 21, 1952. e magnitude of the earthquake was 7.7, and the peak acceleration was 175.9 cm/s 2 . Fukushima NS refers to the NS component recorded in Japan on March 11, 2011. e earthquake magnitude was 9.0 with a peak acceleration of 341 cm/s 2 . e recording time for each of the three seismic waves was 25 s, and the sampling frequency was 50 Hz.
Experimental Process.
Initially, the magnet TMD substructure was installed at the bottom of the model platform to measure the first natural frequency of the whole structure.
e input signal was a 0-4 Hz sweep signal. e peak frequency response function for the platform was centred at 2.56 Hz, as shown in Figure 11(a) . e second step was to remove the magnet TMD from the platform and attach it to the shaker. en, the spring stiffness of the magnet TMD was adjusted so that the first natural frequency of the magnet TMD was the same as that of the platform. e response of the magnet damper to the 0-4 Hz sweep sinusoid signal is shown in Figure 11 (b) for four constant voltage levels, 2.8, 3, 3.2, and 4 V. Due to the nonlinear equivalent spring stiffness of the magnet damper, the obtained resonance curve of the magnet TMD has an unstable frequency character as shown in Figure 11 (b). e nonlinear magnet TMD is unique in its ability to have a wide effective frequency bandwidth (1.5-3.5 Hz) which improves the performance of the passive vibration damper.
In the next step, three seismic waves were generated by the signal generator and fed to the shaker to evaluate the effectiveness of the vibration control system. e displacement and acceleration of the offshore platform and the relative displacement between the offshore platform and the magnet TMD were recorded. Figures 12 and 13 show the time series of the responses for the main structure with and without the magnet TMD, under the excitations of the three kinds of seismic waves. e experimental results show a significant decrease in the peak values of the displacement and acceleration responses when the magnet TMD was attached to the main structure compared with those without the magnet TMD.
Results
Amplitude Response Analysis.
is decreasing tendency was more significant for the acceleration responses. ese results indicate that the control performance of the magnet TMD is as effective as an energy dissipation device for the reduction of the main structural response.
It is particularly important for vibration suppression under excitation by seismic waves that the magnet TMD can effectively reduce relatively high-amplitude displacements and accelerations. ese high-amplitude displacements occurred during the early period of the test, and the magnet TMD responded quickly to these early vibration excitations. For the relatively low-amplitude displacements and accelerations, the effective reduction caused by the magnet TMD was small; however, these low-amplitude local effects contributed only a small portion of the overall platform vibration.
Frequency Response Analysis.
e PSD curves under three kinds of seismic waves are presented in Figures 14 and  15 , respectively. e high amplitude of the PSD is around 2.5 Hz∼3 Hz for the case without TMD control, because the resonance reaction of the main structure occurred at around this frequency range. erefore, when the TMD control was applied, it was very effective in reducing the vibration response of the main structure; in particular, the peak responses are reduced considerably around the 2.5 Hz∼3 Hz frequency domain. e overall vibration response can be decreased significantly by reducing the first-mode vibration; the PSD curves demonstrate the effective reduction in vibration of the structure when fitted with a magnet TMD. erefore, a single damper tuned to the fundamental mode is adequate for reducing the structural vibration under earthquake excitations. Investigation of the frequency regions outside the fundamental frequency band revealed no negative effects in the nondominant frequency regions.
Evaluation Index.
e control performance was evaluated by the application of the indices β and J, which are defined in (8) and (9), respectively. e J index is the ratio of the RMS values of the displacements or accelerations of the offshore platform, with and without the TMD control. e β index is the relative ratio of the peak values between the cases, with and without the TMD control.
As shown in Table 2 , the J values for the displacement response are >0.79, which indicates that the vibration of the platform was significantly improved during the entire 8 Shock and Vibration earthquake, period when the TMD was used. Moreover, by analysis of the β values, it shows that a reduction of >0.20 was accomplished for the peak displacement response by the application of the TMD system.
For the acceleration displacement response, the J values are >0.78, which means the dynamic performance was also improved considerably throughout the entire excitation period. Similarly, the β values are >0.38, which means that the peak response was also decreased by the application of the TMD system.
Discussion
High Response Characteristics.
e duration of an earthquake excitation is generally short, and the maximum influence on the platform's deformation occurs mainly during the initial seconds. erefore, it is critical that the high response speed of the TMD occurs within the first few seconds of excitation. To achieve this goal, this study proposed a passive TMD without a damper to improve the high response performance under critical earthquake loads. For convenience, the nonlinear magnet repulsive force is seen as a nonlinear spring, so the system vibration equation can be expressed as
where k m is the nonlinear stiffness coefficient of the substructure. e central difference method [29] is used to numerically solve the above equations. A time-marching scheme for the forward difference method is used, where x (i) � x(t � t i ) and the time interval is Δt � t i+1 − t i . e differential acceleration and velocity can be expressed as
2Δt . Equations (6) and (7) can be substituted into (1) and (2) to calculate the displacement difference as
By applying the central difference method, the displacements of the substructure and the main structure during the first 5 s of an excitation can be obtained. e initial conditions of the main structure can be expressed as
When the initial conditions of (14) and (15) are substituted into (12) and (13), the next-step differential displacements x (2) 1 and x (2) 2 can be obtained as follows: Figure 15 : Power spectral density of the acceleration under earthquake-induced seismic wave excitation. Power spectral density of the acceleration for the (a) El-Centro NS seismic wave, (b) Taft EW seismic wave, and (c) Fukushima NS seismic wave.
e ratio of x (2) 1 and x
2 can be expressed as x
It can be observed from (17) , at the initial time that the displacement of the substructure x (2) 2 is always greater than the displacement of the main structure x
1 . Based on this theoretical analysis, an experiment was undertaken to investigate this high response phenomenon.
As illustrated in Figures 16(a) and 16(b) , when the main structure begins to move under the earthquake excitation, the substructure also moves immediately. In addition, the displacement of the substructure is considerably greater than that of the main structure.
is demonstrates that the substructure can achieve vibration suppression through its high response to the seismic excitations.
Energy Absorption Characteristics.
To gain a more complete understanding of energy dissipation mechanisms and absorption characteristics of the magnet damping system, the energy dissipation is further examined under the two earthquake-induced seismic waves. is examination is of particular importance for seismic applications, in which the primary objective of TMD installation is to prevent damage to the structure of an offshore platform.
In Figures 17(a) and 17(b), the energy dissipation attained by the impact damping effect is presented for the El-Centro and Taft earthquake excitations.
e energy reduction at the offshore platform is 17.6% with the ElCentro NS seismic wave and 18.4% under the Taft EW seismic wave. e simulation shows that impact damping plays a significant role in reducing the platform's vibration, which implies the usefulness of the magnet TMD even for offshore platforms exposed to large earthquake loads.
Wide Frequency Range
Characteristics. Offshore platforms are mainly used for oil and gas extraction; during its working life, an offshore platform can experience uncertain conditions such as unknown system parameters and structure flexibility. ese parameter perturbations and uncertainties mean that the natural frequency of the offshore platform may change and may degrade the vibration control performance or even make the vibration control damper ineffective.
e main deficiency of the linear TMD is the detuning effect. e detuning effect occurs when the TMD's frequency is not tuned to the desired value, reducing the efficiency of the TMD damper. Unlike the linear TMD, the nonlinear magnet TMD has a wide efficient frequency domain, as shown in Figure 10 .
We investigated the influence of a wideband magnet TMD system on the vibration reduction of the offshore platform model structure. In the experiment, we changed the mass of the offshore platform model structure which in turn changed the natural frequency of the offshore platform; the natural frequency of the offshore platform was set at 2.56 Hz, 2.68 Hz, 2.92 Hz, and 3.12 Hz, as shown in Figure 18 (a).
e magnet TMD can cover a frequency bandwidth with its medium tuned for the target frequency, as shown in Figure 18 (b).
e evaluation parameters of the responses are shown for the main structure with and without the magnet TMD under the excitations of the El-Centro NS and Taft EW seismic waves ( Figure 19 ). e magnet TMD system reduces the peak response vibration at different natural frequencies of the offshore platform.
e peak response reduction of the acceleration responses is more than 17.2% in all the cases; for the displacement response, the peak response reduction is more than 16.9%. is demonstrates the high level of robustness and control efficiency of the magnet TMD system.
Conclusions
is study proposes a magnetic TMD system to mitigate damaging responses of an offshore platform exposed to significant earthquake-induced seismic waves. Moreover, a comprehensively numerical and experimental investigation was conducted to examine the vibration reduction performance and robust characteristics. By the experimental investigations, it is verified that the proposed magnetic TMD constitutes a simple but feasible measure, which can provide effective suppression within a wide frequency band and overcome response-delayed problems for vibration suppression under large earthquake loads. Furthermore, the main conclusions can be summarized as follows:
(1) An experimental system was constructed based on a 1 : 200-scale model of an actual four-column jackup offshore platform, and then the experimental study was processed for the offshore platform both with and without the magnetic TMD system under the different seismic loads. e effectiveness of the magnetic TMD system were investigated by analyses of the amplitude and frequency responses, high response characteristics, energy absorption characteristics, and wide frequency range. (2) e experimental results indicated that the RMS ratios can reach to 79 % for displacement and 78 % for acceleration responses, and the vibrating excitations of the offshore platform were significantly improved for whole earthquake period. e relative ratio of the maximum peak values verified that more than 20% reduction was achieved for the maximum peak of displacement response and more than 38% reduction for the acceleration response. (3) In order to solve the time-delay problem at the first stage of the seismic load, this investigation indicates that the passively magnetic damper can move immediately during the first five seconds of earthquake excitation. erefore, it reveals that the substructure can achieve vibration suppression through highspeed response to the seismic excitations in the initial seconds of the excitation. (4) In addition, the magnetic damper owned the wide frequency characteristic due to the nonlinear property. is nonlinear performance of the magnet damper increases the robustness of the system against changes in the working environment, thus enhancing its vibration reduction performance. On the contrary, when a critical earthquake happens, the distance of permanent magnets will get reduced and then the repulsive force will get increase rapidly. Furthermore, this nonlinear repulsive force of the magnetic TMD can protect the substructure colliding with the main structure, and it can reduce the damage of the offshore platform under the large vibration loads.
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